Introduction
by increased formation of granulation tissue that eventually resulted in increased neo-vascularization and faster re-epithelization
. Similarly, curcumin demonstrated to improve wound healing after gamma-irradiation or to protect against radiation-induced damage in animal models [5] .
It has been described in detail that curcumin induces apoptosis in a wide variety of cell lines [6] [7] [8] [9] [10] . Although the mechanism by which curcumin initiates cell death is unclear and strongly depends on the cell type, reactive oxygen species (ROS) seem to be a common mediator. Curcumin-induced ROS formation in human hepatoma cells induced the nuclear factor-erythroid 2-related factor 2 (Nrf2) transcription factor, which could be blocked by the antioxidants N-acetyl-L-cysteine (NAC) and vitamin E [11] . Atsumi et al. have also demonstrated that treatment with NAC blocks curcumin-induced apoptosis in human gingival fibroblasts and leukemia cells [6, 12] . Panchatcharam et al. observed that curcumin induced the activity of antioxidant enzymes superoxide dismutase, catalase and glutathione peroxidase [2] and detoxifying enzymes such as cytochrome P450 [13] and glutathione s-transferase [14] . For instance, H2O2-induced damage in keratinocytes and fibroblasts could be inhibited by curcumin [15] . Furthermore, curcumin can also induce the cytoprotective enzyme heme oxygenase-1 in several cell types [16] [17] [18] . HO [19] . Two isoforms of HO have been characterized, of which HO-2 is considered to be constitutively expressed and responsible for normal heme capturing and catabolism. On the other hand, HO-1, which is normally expressed at a low level, is highly inducible by its substrate heme, various stress-related stimuli and tissue injury [20] .
is the enzyme that can break down heme thereby generating carbon monoxide (CO), free ferrous iron and biliverdin. The latter is immediately converted to bilirubin by biliverdin reductase (BVR). Bilirubin represents one of the most powerful endogenous antioxidants known so far

Here we report that curcumin treatment can induce human dermal fibroblast apoptosis and inhibit fibroblast-mediated collagen gel contraction via a ROS-mediated process, since apoptosis could be completely blocked by antioxidants such as NAC, biliverdin and bilirubin. Interestingly, enhanced levels of HO-1 protect against effects of curcumin and therefore, HO-effector molecules could possibly function as regulators of curcumin-induced fibroblast apoptosis and contraction, thereby enabling fine-tuning of the balance between acellular and hypertrophic wound healing.
Materials and methods
Fibroblast culture
Human foreskin-derived fibroblasts were cultured in Dulbecco ' 
Measurement of reactive oxygen species (ROS)
To detect ROS formation induced by curcumin, we used the ROS-specific labelling dye 5-(and-6) 
Glutathione assay
Total glutathione (GSH) and oxidized glutathione (GSSG) were determined according to the method of Tietze and Griffith [24, 25] 
HO-1 Western procedure
HO-activity assay
To determine whether the curcumin-induced HO-1 proteins were active, we performed an HO-activity assay. Therefore, the cells were treated as described in the previous section and 100,000 cells were resuspended in 89. 9 (Fig. 1A-D 
Results
High doses of curcumin induce dermal fibroblast apoptosis
Curcumin has shown to influence the wound healing process in vivo. We investigated the effect of different doses of curcumin on dermal fibroblast morphology and cell death by microscopy. Treatment with 5-and 10-M curcumin for 48 hrs did not affect fibroblast morphology, whereas treatment with 25-M curcumin caused rounding of the cells and cell death
Glutathione and curcumin
Besides having antioxidant properties, NAC can serve as a cysteine donor, causing increased levels of the cytoprotective agent glutathione (GSH) and thus protect cells from cellular stress such as ROS. In order to analyse possible effects of GSH on curcumin-induced apoptosis, we determined total GSH and oxidized GSH content after curcumin or curcumin + NAC treatment. Our results indicate that treatment with 25-M curcumin for 24 hrs does not alter total GSH content or the GSH/GSSG balance, compared to untreated cells (Table 2). Also at other time points (6 or 48 hrs), no effect of 25-M curcumin on the GSH content was observed (data not shown). Unexpectedly, we did not observe an increase in GSH content after treatment with the GSH precursor NAC (6-48 hrs treatment, Table 2 and data not shown). However, the combination of NAC and curcumin resulted in a significant 2-fold increase in total GSH content but this effect was accompanied by a 3-fold increase in GSSG level, compared to untreated cells. As a result, the net balance of GSH/GSSG, a measure for cellular stress, was worse after curcumin-NAC treatment than in the untreated situation or after treatment with curcumin. Taken together, curcumin does not seem to have a direct effect on the GSH/GSSG content but it induces cellular stress that will lead to increased GSH synthesis in the presence of a cysteine donor such as NAC.
Curcumin dose-dependently induces HO-1 protein expression and activity
Since biliverdin and bilirubin are down-stream products of heme degradation by the rate-limiting enzyme HO, we investigated whether pre-induction of HO-1 could protect against curcumininduced apoptosis in fibroblasts. Therefore, we first examined whether doses of curcumin, not affecting fibroblast viability, could induce HO-1 expression in fibroblasts. Figure 3 demonstrates that, as expected, both 10-M heme and 10-M CoPP cause a clear induction in the expression of HO-1. Differential effects of curcumin (0-27.5 M) on HO-1 expression are clearly visible; from 5 M up to a dose of 17.5 M, a significant induction of HO-1 protein can be observed, whereas from 20 to 27.5 M no significant difference from basal levels could be detected. The maximal induction of ~50-fold compared to untreated cells was observed between 10 and 15 M curcumin (P < 0.001). HO-1 expression was at basal levels after treatment with 25-M curcumin. To determine if curcumin-induced HO is enzymatically active, we performed an HO-activity assay based on the detection of bilirubin using HPLC. In Figure 3C, a clear dose response of curcumin on HO-activity is seen with a maximal induction of ~6-fold at a dose of 10-15 M curcumin, compared to untreated cells (P < 0.001). However, already with a low dose of 5-M curcumin
Fig. 2 Curcumin-induced ROS formation causes apoptosis. Adherent fibroblasts were treated for 48 hrs with 6 mM NAC, 1 M biliverdin or 1 M bilirubin in the presence or absence of 25 M curcumin. As a negative control, cells were not treated. Afterwards, all cells were collected and stained with Annexin V-FITC and PI and quadrant analysis after flow cytometry was performed. The mean Ϯ S.D. are shown from the living (A) and early apoptotic (B) cell fractions from 5 independent experiments. **P < 0.01 and ***P < 0.001 compared to 25-M curcumin. a significant increase of 2.5-fold in HO-activity was observed (P < 0.001). FePP and CoPP (10 M) induced HO-activity similar to 5-M curcumin. Treatment with 25-M curcumin did not lead to HO-activity, which is in line with the HO-1 protein expression patterns as observed by Western blotting.
NAC-mediated protection against curcumin-induced apoptosis involves HO-1
We further investigated how NAC prevented curcumin-induced fibroblast apoptosis and studied HO-1 expression and HO-activity. Figure 4A (Fig. 5A-C) . Figure 6 , Figure 7A shows, 25 [26, 27] . The inhibiting effect of the GSH-precursor NAC on curcumin-induced apoptosis could be based on a similar quenching of curcumin. However, the stability of curcumin and its subsequent activity can be strongly improved by the addition of GSH or NAC, suggesting that GSH does not interfere with curcumin activity [28] . Additionally, several studies show that curcumin treatment results in an increased GSH content [29] [30] [31] [32, 33] . Moreover, also infiltrating fibroblasts show elevated levels of the HO-1 protein [33] . This increase in HO-1 expression and activity has shown to be involved in the resolution of inflammation [21, 34] [39, 40] CO can protect against apoptosis by the activation of the cGMP pathway by increasing sGC activity [41] . Furthermore, CO can increase anti-apoptotic pathways by modulating p38 MAPK signalling [42] and CO can induce NF-kBdependent anti-apoptotic (cIAP2 and A1) genes that protect against TNF-␣-mediated apoptosis [43] . Further research is warranted to clarify whether CO or ferritin are indeed involved in the rescue of curcumin-induced apoptosis.
and B shows that either 25-M curcumin or 6-mM NAC did not induce HO-1 protein expression or activity. Interestingly, the combination of curcumin with NAC strongly induced HO-1 expression, and, furthermore, the induced HO-1 was shown to be active. These results suggest a role for HO-1 in the protection against curcumin-induced apoptosis by NAC. Indeed when we blocked HO-activity using the specific HO-activity inhibitor QC-15 in the presence of the curcumin-NAC combination, we observed a significant inhibition of the rescuing effects of NAC on curcumin-induced apoptosis
Combined treatment of curcumin and NAC increased the fraction of living cells by 35% compared to curcumin alone (P < 0.001). When we inhibited HO-1-activity in the curcumin-NAC group by QC-15, the fraction of living cells was significantly decreased by 17% (P < 0.01). Moreover, application of the HO-activity inhibitor together with curcumin and NAC significantly increased the fraction of early apoptotic cells by 59%, compared to treatment with the curcumin-NAC combination (P < 0.05). Similarly, also the fraction of late apoptotic cells is significantly increased in the curcumin-NAC-QC group, 229 Ϯ 1.3% compared to a normalized fraction of 100 Ϯ 10.4% in the curcumin-NAC treated group (P < 0.001). These results show that HO-activity, at least partially, mediates the rescuing effects of NAC on curcumininduced apoptosis.
Pre-treatment with low doses curcumin protects against 25 mM curcumin-induced apoptosis
HO has been described as an enzyme with cytoprotective functions. Therefore, we studied whether pre-induction of HO-1 would protect against apoptosis induced by 25-M curcumin. In
Curcumin inhibits fibroblast-mediated collagen gel contraction
Next, we investigated if curcumin influenced fibroblast-mediated collagen gel contraction and whether this effect of curcumin could be inhibited by antioxidant treatment. As
The cytoprotective properties of HO-preconditioning are in line with earlier observations in different cell systems. Soares et al. showed that preinduction of HO-1 gene expression was associated with cardiac xenograft survival [44] . Furthermore, in murine fibroblasts the overexpression of HO-1 inhibited TNF-␣-induced apoptosis, which was not observed in the presence of the HOactivity blocker tin protoporphyrin [45] .
Curcumin has been shown to decrease wound-healing time and increase contraction in wound-healing studies in rodents [2, 5] . Here 
